1 Avena barbata occurs as two multilocus allozyme genotypes associated with moist (mesic) and dry (xeric) habitats in California. We examined the divergence of quantitative traits between these genotypes, and heritable trait variation in the progeny of a cross. 2 A replacement series showed that the mesic genotype was competitively superior to the xeric. Early germination could alter this competitive outcome, but there was very little difference between the genotypes in germination time. 3 The mesic genotype exhibited larger seeds, and seedlings, as well as greater fecundity. However, there was no difference in relative growth rate between the genotypes. Thus the early size advantage of the mesic genotype seems to be due primarily to larger seed size. 4 Seedlings of the xeric genotype expressed a greater root mass ratio (RMR), and allocated a higher fraction of their root mass deeper in the soil when grown in artificial soil columns than did the mesic genotype. 5 We crossed the two genotypes and allowed the F1 to propagate by self-fertilization to yield F3 families. There was significant among-family (i.e. genetic) variation in RMR, root mass allocation by depth, and seed size. F3 families did not vary significantly in rooting depth per unit shoot mass. 6 In a competition experiment similar to that above, there was significant variation among F3 families in fecundity, but not dry mass, and family by competitor interactions were not significant. 7 There was little correlation among traits across F3 family means, indicating no common genetic basis to the traits. This suggests that novel combinations of characters can be created through crossing between genetically diverged populations. In addition, there was a significant family by block (environment) interaction for RMR, indicating that the degree of plasticity in this character has heritable variation that can respond to natural selection.
Introduction
Intraspecific variation across different habitats is a common feature of plant species (see reviews in HeslopHarrison 1964; Bradshaw 1984; Linhart & Grant 1996) . Such variation has traditionally been studied by first identifying morphological variation associated with contrasting habitats and proceeding to investigate the genetic basis of these differences using quantitative/ biometrical genetic techniques in common garden (e.g. Silander & Antonovics 1979; Wolff & van Delden 1987; Petit et al . 2001) or reciprocal transplant experiments (e.g. Schemske 1984; van Tienderen & van der Toorn 1991; Bennington & McGraw 1995; reviews in Bradshaw 1984; Primack & Kang 1989) . More recently, genetic differentiation of populations has been studied directly, using population genetic techniques applied to molecular (allozyme or DNA) markers (e.g. Hamrick & Godt 1990; Ouborg et al . 1999) . Allele frequency differences of molecular markers among populations are most commonly interpreted in terms of gene flow and genetic drift (cf. Neigel 1997; Ouborg et al . 1999) , and debate continues as to whether molecular marker variation accurately reflects meaningful ecological differences related to habitat type (Hedrick 2001; Merilä & Crnokrak 2001; Reed & Frankham 2001) . Where ecotypes have been initially identified based on morphological and /or habitat differences, subsequent molecular marker surveys typically reveal significant allele frequency differences. For example, in the silicicolous-calcicolous ecotypes of Silene nutans identified by De Bilde & Lefèbvre (1990) subsequent allozyme investigations accurately distinguished the ecotypes (Van Rossum et al . 1997) . Fewer studies have taken the reverse approach, beginning with putative ecotypes identified by molecular markers and documenting differences in ecological traits. Indeed, the contrast between divergence of molecular markers and quantitative traits is often interpreted as evidence for local adaptation (Merilä & Crnokrak 2001; McKay & Latta 2002) . However, if molecular marker genotypes are repeatedly associated with habitat type (e.g. Allard et al . 1972; Mitton et al . 1977; Lönn et al . 1996; Van Rossum et al . 1997) , then stronger evidence for adaptive divergence in response to habitat can be inferred (cf. Linhart & Grant 1996) .
Avena barbata Pott. ex Link (Poaceae) is a selfing annual grass native to the Mediterranean, which was introduced to California from Spain approximately 200 years ago (Garcia et al . 1989) . It is an autotetraploid with disomic inheritance of alleles (Hutchinson et al . 1983) . Extensive surveys of polymorphisms in allozyme, morphological traits and rDNA, revealed that most locations in the state are dominated by one of two genotypes. Populations in drier regions (< 500 mm annual rainfall) are typically monomorphic for a specific combination of alleles at five allozyme loci (Acp1, Est1, Lap1, Pgd1 and Prx1; as well as two genetically based morphological characters (glabrous stem and light lemma; Marshall & Jain 1969a ). This 'xeric' genotype contrasts with the mesic genotype ) at moister sites (> 500 mm annual rainfall), where populations are typically fixed for the alternate allele at each allozyme locus, and exhibit pubescent stems and dark lemmas ). Intermediate and /or more heterogeneous sites exhibit a mixture of these two genotypes, but very few recombinant types are observed. That is, few individuals deviate from the five-locus mesic and xeric genotypes (Hamrick & Allard 1972) , which associate with moister and drier microsites, respectively, within populations (Hamrick & Holden 1979) . Subsequent studies with ribosomal DNA polymorphisms revealed 'an almost exact overlay' of the allozyme results (Cluster & Allard 1995) .
The consistent association of the xeric and mesic multilocus genotypes with contrasting habitats on both large ) and small (Hamrick & Allard 1972; Hamrick & Holden 1979) spatial scales strongly suggests that the allozyme data identify distinct varieties with divergent ecological amplitude. In contrast, other multilocus genotypes (i.e. other combinations of alleles) are typically rare, and restricted to single locations (e.g. the Marshall and Hopland-1 genotypes; Cluster & Allard 1995) . Neither the mesic nor xeric genotypes are found in the ancestral gene pool in Spain (Garcia et al . 1989) , suggesting that they have adapted to the two Californian habitat types since colonization. We therefore focus here on these genotypes, treating them as separate true breeding lines, identified by the allozyme markers. Relatively little work has documented their ecological performance, although Hamrick & Allard (1975) showed differences in phenology and tiller height, and Jain & Rai (1980) conducted pilot reciprocal transplant studies that indicated genotypes were better able to establish in their native habitats. The adaptive importance of this differentiation has not been investigated further, and the inference of adaptation rests primarily on the genotype-habitat association.
Here, we investigate the difference between the mesic and xeric genotypes for a suite of quantitative traits. Our choice of traits is guided by interspecific comparisons that suggest that suites of traits typically associate with particular habitats and ecological niches (Chapin et al . 1993) . We measure a range of basic growthrelated traits (seed size, relative growth rate, adult size and fecundity), as well as examining differences in below-ground allocation (root mass ratio, rooting depth), as this will be relevant to the acquisition of water in dry conditions (Lambers et al . 1998 ) and the relative competitive ability of the mesic and xeric genotypes in well-watered conditions. Many studies have provided evidence that more productive (i.e. less stressful) sites are occupied by competitively superior species (Grime 1979; Keddy 1989) . It seems plausible then, that competition between different genotypes may contribute to the ecological niches of genotypes within species (Cook et al . 1972; De Bilde & Lefèbvre 1990) .
By measuring these phenotypic differences in a common environment, we can ascribe a genetic basis to them, although this genetic basis is not necessarily attributable to the allozyme loci used to define the genotypes (Hedrick & Holden 1979) . Because A. barbata is highly self-fertilizing (> 95%), opportunities for recombination between loci is limited, and thus the two genotypes are likely to differ at a suite of additional loci. Recombination among such loci in the progeny of matings between the genotypes may release genetic variation (Rieseberg et al . 1999; Burke & Arnold 2001) , providing an increased opportunity for selection to act (Wolff 1988; Jordan 1991; Andersson 1996; Arnold 1997; Nagy 1997) . Alternatively, multiple traits may have a common genetic basis creating a genetic correlation between them, which may constrain the possible range of variation, thereby restricting niche breadth (Via 1994; Andersson & Shaw 1994; MacKenzie 1996; Hawthorne & Via 2001) . To investigate this, we measure the heritability of the traits in the recombinant progeny, and test for evidence of genetic correlations that might suggest a trade-off between adaptation to the two environments. However, the specific loci underlying the traits will not be investigated here, because these can be identified most efficiently with QTL mapping techniques (Tanksley 1993; MacKay 2001) using recombinant inbred lines that we are deriving from this cross.
Methods
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Plant material
Material used in this experiment was derived from seed stocks kindly provided by Dr Pedro Garcia from his collections made in California in 1989. Field-collected seeds of both the mesic and xeric genotype were propagated by natural self-fertilization for one generation in the glasshouse to generate enough seeds for all the experiments ( Fig. 1 ) and allozyme genotype was verified. All studies of the differences between genotypes have been made on bulked seedstocks of each genotype, which had been after-ripened for a period of at least 1 year, eliminating seed dormancy as a factor influencing the results.
All studies were conducted in the glasshouse at Dalhousie University, Halifax, NS, Canada. Because glasshouse conditions can never exactly match the natural environment, we cannot directly assess local adaptation of the genotypes. Instead, we measured the differences between the genotypes for ecologically relevant traits, under generally benign conditions, unless a specific stress was necessary to the trait being measured (e.g. competition).
Competition
We examined competitive interactions between the genotypes using a simple replacement series experiment. Pots (12 cm diameter by 12 cm deep) were loosely filled with a 1 : 1 : 1 mix of black earth, sand and peat. Into each pot we sowed either (a) six individuals of the mesic genotype, (b) six individuals of the xeric genotype, or (c) three individuals of each genotype. Marshall & Jain (1969b) report that crowding effects become pronounced at this density in A. barbata . The first two treatments represent competition within genotypes in a monoculture, while the third represents competition between genotypes in a mixture. Although the replacement series has been criticized on a number of grounds (e.g. Gibson et al . 1999) , it presents an appropriate design to determine whether one genotype has a selective advantage over the other when the two are mixed in crowded conditions.
In addition, we investigated the effect of a 1-week delay in planting time on the outcome of the competition. Casual observations in a preliminary study had suggested that germination time was a potential determinant of competitive success (R. G. Latta, unpublished data). This was easily examined, as germination time in A. barbata can be controlled to within 1 day, by removing the outer husk of ripened seed, and allowing the seed to imbibe on moistened filter paper at 4 ° C in the dark. After 3-7 days of imbibition, the seeds can be returned to room temperature, and germination takes place within 24 h. We were therefore able to sow pots either with all six seeds at once, or with three seeds planted 1 week after the others. We planted 15 pots for each of four monoculture treatments (mesic genotype with even germination, mesic/staggered, xeric/even, xeric/staggered), and 20 pots for each of three mixture treatments (even germination, mesic planted first, and xeric first) in a randomized array, for 120 pots and 720 individuals in total.
Seeds were sown in late September 1999, and plants were grown under ambient lighting. Pots were watered to saturation three times a week, and fertilized every 2 weeks with Plant Prod 15-15-18 (Plant Products Ltd, Brampton, Ontario, Canada) at a concentration of 2.5 g L − 1
. Pest control was applied evenly to all pots when needed to control for aphids. After 7 months, all plants were harvested at ground level. The number of spikelets was counted on each plant as a measure of reproductive output. Each spikelet contains two singleseeded florets, so that spikelet number correlates tightly with lifetime reproductive output in this selfing annual (Marshall & Jain 1969b) . Plants were then dried (at approximately 50 ° C) to constant mass and aerial dry mass was recorded. 
Analysis
Data were transformed as needed to meet the assumptions of normality and homoscedasticity, and analysed by restricted estimation maximum likelihood in SAS Proc Mixed. We used a three-way  with Genotype (Mesic, Xeric), Competition type (Monoculture, Mixed) and Planting Time (Early, Equal, Late) as fixed effects. We were specifically interested in (a) the interaction between competition type and genotype, as this would reveal any asymmetry of competition, and (b) whether this interaction was influenced by the time of planting (Competition type by Genotype by Time). Because plants within a pot are not independent observations, we estimated the correlation between individuals within pots as a random subject effect using compound symmetry. This assumes an equal covariance between all pairs of individuals within a pot and so reduces the number of covariances to be estimated, preserving more power for the tests of the fixed effects. Exploration of other covariance structures indicated that these tests were insensitive to how the covariance was estimated.
Seed mass, germination and early growth
To determine whether seed mass differed between genotypes, we weighed five seeds produced by each field-collected, glasshouse-raised individual (i.e. the seeds we weighed were taken from the generation labelled 'parents' in Fig. 1 ). Seed mass differences were not affected by the presence of the husk, and as the husk was time-consuming to remove from many seeds, we report here mass including the husk.
To study germination, seeds were placed with husk intact onto four sheets of moistened Whatman #1 filter paper in 9-cm Petri dishes, and placed under natural light in the glasshouse. Fifty seeds per genotype were assayed in this way under each of two different moisture regimes. Filter papers were either (a) saturated with water ('full moisture'), or (b) wetted with half the amount of water used in (a) ('50% moisture'). Each treatment was applied over 10 Petri dishes per genotype (five seeds per dish) so that variation among dishes would not be confounded with genotype. After seeds were placed on the moistened filter papers, the Petri dishes were sealed with parafilm to retain moisture within the dish and then monitored daily. The number of seeds germinating in each 24-h period was recorded, and the average time to germination calculated.
Sixty individuals of each genotype were sown in 5-inch pots containing moistened sand saturated with 2.5 g L − 1 Plant Prod 15-15-18. After 8 days, one-half of the individuals were harvested and above-ground dry mass determined (root masses at the first harvest were too small to be reliably determined). After 24 days, the remaining plants were harvested, root and shoot were separated, and dry mass of both determined. Root mass ratio (RMR, the proportion of total dry mass accounted for by roots cf. Lambers et al . 1998 ) was calculated for each individual at the second harvest. Relative growth rate (RGR) of above-ground tissue was determined as the proportional increase in shoot dry mass between the two harvests (Hunt et al . 1993) . Root mass and total mass were analysed by a one-way  with genotype as a fixed effect. Shoot mass was analysed by a two-way factorial  with genotype and time as fixed effects. The main effect of genotype tests for overall size difference, while the interaction with time tests for differences in RGR.
Root allocation
We further investigated the rooting characteristics of the genotypes in soil columns designed to measure root allocation by depth (Reader et al . 1993) . Lengths (90 cm) of 0.15-mm × 5-cm flat poly tubing were sealed at one end, and punctured liberally with a tack to allow aeration and drainage. Tubes were filled with sand, and saturated with Plant Prod 15-15-18 fertilizer (2.5 g L − 1
). Columns were supported in racks with a covering that prevented light from reaching the below-ground parts of the plant, but allowed us to open the covering and observe root depth through the transparent tubing. Forty individuals of each genotype were sown in moist sand, and transferred to the columns after 5 days. Columns were watered daily for the first week and three times per week subsequently, with weekly fertilizer application. Columns were supported at a slight angle to the vertical so that roots would grow down along one side of the column, allowing us to record the depth of the growing root tip each day. After 45 days the above-ground plant parts were harvested and dried. The columns were cut into 15-cm lengths numbered from the soil surface, and roots were sifted from each section. The dry mass of above-ground shoots and root mass allocated to each depth class were recorded.
Analysis
Allocation of root dry mass by depth was analysed in a repeated measures  (von Ende 1993), treating individual plants as subjects, with depth class (i.e. the 15-cm sections of the soil column) as the withinsubjects factor, and genotype as the between-subjects factor. Final dry mass of the shoot was included as a covariate, thus a significant genotype effect provides evidence for a difference between genotypes in RMR, while a significant interaction of genotype with depth indicates a difference between genotypes in the pattern of root allocation across depth. The rate of root penetration during growth was analysed similarly but with time as the within-subjects factor. Shoot mass was again included as a covariate, so a significant genotype effect represents a difference in the depth to shoot ratio (DSR, the depth to which roots penetrate per gram of above-ground dry mass), while the interaction with time tests for a difference in the rate of root elongation.
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Crossing design
A cross was performed (Fig. 1 ) between a single individual from each genotype following the techniques of Brown (1980) , using florets emasculated in the bud stage to prevent self-fertilization. As A. barbata is highly selfing, all parents are homozygous and F1 individuals will be heterozygous for all loci that differ between the parents. We used a cross in which the xeric genotype was the female parent because the glabrous stem is recessive (Marshall & Jain 1969a ) so that the presence of the dominant pubescent trait in the F1 served as a check that the cross had not been contaminated by self-pollination.
The F1 progeny was grown under conditions of abundant water and nutrients in 12-inch pots and produced abundant self-fertilized F2 seeds. Each F2 individual contains a unique combination of alleles from the two parents. Thus there is no family structure within the F2 with which to estimate the heritability of traits. To produce families of related individuals, F2 individuals were allowed to self-fertilize to produce F3 families (Fig. 1 ). Measurements were conducted on 25 such families. As above, seeds were after-ripened for at least 1 year. We investigated only those traits for which there was a significant difference between the genotypes. Representative individuals of the parental (i.e. mesic and xeric) genotypes were included in each of the following experiments for continuity with the genotype experiments.
Competition
We used the same replacement series design as for the parental genotypes; however, we examined competition between each family and the mesic parent, rather than between all (25 × 24/2 = 300) pairs of families. For each family we established three monoculture pots with six individuals each, and six mixture pots containing three individuals from the family and three mesic individuals. There were thus 36 individuals per family for each of 25 families (900 total) plus 450 mesic competitors. In addition, we planted 16 pots with a mixture of the xeric and mesic genotypes and eight monoculture pots for each parental genotype for 1542 plants in total. All seedlings were germinated at the same time, because our results indicated that the mesic and xeric genotypes do not differ in germination time and because eliminating time of germination as a factor in the experiment allowed us to concentrate more statistical power on the differences between families. Because of the larger size of this experiment, plants were sown in three blocks (cf. Potvin 1993), with each family/ treatment combination present in random locations within each block. Data were analysed as for the parental genotypes but with block replacing time of germination as a factor in the three-way  . The experiment was planted in June of 2001 and harvested in January of 2002.
Germination and seed mass
Because each family of F3 seed was collected from a single F2, variation among F3 families in the mass of these seeds may reflect non-genetic variation among F2 in the provisioning of seeds, rather than heritable variation. We therefore assessed the heritability of seed mass by parent-offspring correlation between the mass of F3 seeds (20 per family) and the mass of F4 seeds (seeds produced by F3 individuals, 20 per family). Eighty F3-F4 family pairs were measured.
Root depth
Variation in F3 rooting characteristics was measured and analysed as for the differences between the parental genotypes. However, because of the increased sample size necessary with 25 families, we conducted the experiment over two consecutive trials of 45 days each. The first trial was conducted in August and early September, and the second in late September and October of 2001. The two trials would thus inevitably differ in day-length, temperature and humidity in the glasshouse, and we treated the trials as separate environmental blocks (Potvin 1993) . Each block contained four individuals from each family and 10 individuals of each parental genotype in random locations. The statistical analysis was the same as in the genotype experiment, but with two between-subjects factors (Family and Block).
Heritability and genetic correlations
We assessed the amount of genetic variation as the proportion of the total variance in each trait that was attributable to differences between the F3 families. This will somewhat underestimate the true broad sense heritability, because some genetic variation will remain within families (i.e. because the F2 are 50% heterozygous, genetic variation will occur within, as well as between, F3 families). Nevertheless, the values will permit comparison among traits in the degree to which each could potentially respond to selection. To assess the presence of trade-offs that would impose a constraint on evolutionary potential and niche breadth, we measured the genetic correlation among traits using family means. Just as genetic variance is assessed using the variance among family means (Falconer & MacKay 1996; Lynch & Walsh 1998) , so the covariance between traits can be attributed to genetic causes when family means covary. This inference is particularly strong when the traits are measured on separate individuals within a family (Lynch & Walsh 1998) as in the case of traits measured in separate experiments above.
Results
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Competition
The two genotypes produced roughly equal aerial biomass ( F = 3.26, P = 0.071), but the mesic genotype produced more spikelets than the xeric ( F = 63.93, P < 0.001) (Fig. 2) . Competition and genotype interacted significantly to affect both measures (Table 1) , although the main effect of competition was not significant. For example, in monoculture, both genotypes produced about 1.6 g of dry mass (Fig. 2 ), but in mixture (i.e. in competition with each other), xeric lost biomass and mesic gained slightly ( F = 20.21, P < 0.001). At the same time, growth in mixtures decreased xeric spikelet production while having no impact on mesic spikelet production ( F = 7.03, P = 0.008). Thus both genotypes performed better when competing against individuals of the xeric genotype, than when competing against the mesic genotype (Fig. 2) .
Early germination produced a highly significant increase in both fitness measures for both competition environments (Table 1, Fig. 2 ). The effects of competition type and germination time appear to be roughly additive in their effect on spikelet number (interaction F = 2.54, P = 0.08), and there is no three-way interaction (Table 1) . When the xeric genotype had an early germination advantage in mixture, this roughly cancelled its competitive disadvantage (Fig. 2) . Germination time did interact with both genotype and competitive environment in its effects on dry mass (Table 1) , although the effects do not appear to be large (Fig. 2) .
Seed mass and germination
Mesic seeds were significantly heavier than xeric seeds by about 45% (9.8 ± 0.21 vs. 6.8 ± 0.21 mg, t = 6.63, P < 0.001, Fig. 3 ). Under moist conditions, all seeds germinated within 9 days. Mesic seeds germinated slightly earlier than xeric seeds, averaging 3.94 ± 0.17 days to 4.62 ± 0.17 days for xerics (Fig. 3a) . However, this difference, though statistically significant ( t = 2.84, d.f. = 98, P < 0.01), was much less than the 1-week delay used in the competition experiment. Under more xeric (50% moisture) germination conditions, fewer seeds germinated, and germination occurred much more slowly. Slightly more mesic seeds (17/50) germinated than xeric seeds (10/50), but this difference was not significant ( χ 2 = 2.4, 1d.f.), and among those seeds that did germinate, there was no difference in the time to germination between the two genotypes (Fig. 3a) . 
Early growth
Mesic seedlings had significantly more above-ground dry mass both at the 8-day and 24-day harvest (F = 31.75, P < 0.001) and this result was mirrored in the total dry mass at day 24 (Table 2 , Fig. 3 ). Although harvest (8 vs. 24 days) significantly affected shoot dry mass (Table 2 ), this simply indicates that growth was occurring; the interaction between genotype and time was not significant (F = 0.178, P = 0.67), indicating that the relative growth rate of above-ground plant parts did not differ between the two genotypes (Fig. 3) . Indeed, the total dry mass of mesic seedlings (43.9 ± 2.4 mg) was 44% greater than that of xeric seedlings (30.6 ± 2.1 mg), almost exactly the same proportion as the seed sizes. The genotypes did not differ significantly in their absolute below-ground mass (Table 2 , Fig. 3 ), but the xeric seedlings expressed significantly greater root mass ratios, placing 25% of their total mass into roots as opposed to 17% for the mesic seedlings.
Roots
The two genotypes did not differ significantly in their absolute rooting depth (mesic, 37.3 ± 1.63 cm; xeric, 41.2 ± 2.73 cm; t = 1.27, P > 0.20, Fig. 4a ) or root mass (mesic, 78.4 ± 5.3 mg; xeric, 67.6 ± 5.4 mg; t = 1.43, P > 0.15) in the soil columns (Fig. 4b ), but repeated measures  with shoot mass as a covariate (i.e. holding shoot mass constant) indicates that the xeric genotype allocated a significantly greater proportion of its biomass to roots than did the mesic (F = 11.09, P = 0.001, Table 3 ), consistent with their higher RMR in the growth rate experiment (Fig. 3) . Moreover, xeric individuals penetrated their roots significantly deeper per unit above-ground mass (F = 5.29, P = 0.024). Thus, for an equivalent above-ground mass, the xeric genotype sent its roots 39% deeper than did the mesic (Fig. 4c) ; DSR was 1.25 ± 0.09 cm mg −1 for the xerics compared with 0.9 ± 0.05 cm mg −1 for mesics. There was a significant genotype by depth interaction effect on dry mass allocation (F = 3.39, P = 0.03), with the xeric genotype allocating a greater fraction of its root mass deeper in the soil than did the mesic, which concentrated more of its root mass near the surface (Fig. 4b) . This occurred in part because the xeric genotype extended each unit of root mass to greater depth (0.73 ± 0.07 cm mg −1 for xeric compared with only 0.54 ± 0.04 cm mg −1 for mesic). Moreover, there was a significant genotype by time interaction effect on the depth of the roots during root growth ( Table 3 ), indicating that the rate of root penetration was significantly greater for the xeric than mesic genotype (Fig. 4a) .
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Competition
The F3 recombinant families exhibited considerable variation in their production of spikelets (F = 7.91, P < 0.001, Table 4) but this variation was not affected by the type of competition (F = 1.06, P = 0.4). Thus spikelet production in mixture and monoculture was highly correlated (Fig. 5 , r = 0.776, P < 0.001). By contrast, dry mass variation among families was not significant (Table 4) . While there was no correlation of family means for dry mass between mixture and monoculture, suggesting that families respond differently to competition (Fig. 5) , the interaction between family and competitive environment was also not significant (Table 4) .
The mesic genotype was again competitively superior, showing higher aerial dry mass and spikelet production in competition with the F3 families (mixture) than in competition among mesic individuals (monoculture). However, there was little evidence that F3 families on average showed reduced dry mass or spikelet number when competing with mesics than with members of the same family (Fig. 5) . Some families fell above the 1 : 1 line, performing better in mixture than in monoculture, while others fell below the line, and thus performed better in monoculture than in mixture. In general, the F3 family means were intermediate to the two parental genotypes (Fig. 5) . Block effects were significant for spikelet number only, and no interaction of block with competition environment and family occurred for either measure (Table 4) .
Seed mass
Seed mass of the 80 F3 and F4 families examined showed significant correlation over generations (r = 0.281, P = 0.012). Families that produced light seeds in the F3 generation tended to produce light seeds again in the F4 generation, while those families that produced heavier seeds in the F3 generation also yielded heavy seed in the F4 generation.
Root growth
There were highly significant block effects on both root depth and root mass ( Table 5 ), indicating that both of these traits were strongly influenced by environmental conditions. Root mass ratio was lower in block 2 than block 1 (Fig. 6a) , while the reverse was true for depth : shoot ratio (Fig. 6b) . The F3 families did not differ significantly in the depth to which they sent their roots per unit shoot mass (F = 0.878, P > 0.6), nor in the growth rate of their roots (F = 0.874, P > 0.7). However, the F3 families varied significantly in the allocation of root dry mass to different depths (family by depth class F = 1.341, P = 0.04).
Family variation in RMR was significant within each block (Table 6 ) and overall approached significance (F = 1.568, P = 0.053, Table 5 ). In addition, there was a large family by block interaction (F = 1.724, P = 0.025, Table 5 ). Thus there was considerable and significant variation among families in the degree to which RMR changed between blocks. While some families expressed higher RMR than others consistently across both blocks, no correlation can be seen for the family mean RMR in the first and second block of the experiment (Fig. 6a, r = 0.197, P = 0.178) . A similar lack of correlation between family means in the two blocks can be seen for DSR (Fig. 6b , r = 0.058, P = 0.394), although family by block interaction was not significant for DSR (F = 1.249, P = 0.2). 
Heritability and genetic correlations
The amount of variation attributable to family differences was low to moderate (Table 6 ). The lowest heritabilities were for dry mass in both monoculture (0.4%) and mixture (6%), consistent with the lack of significant family variation for dry mass (Table 4) . By contrast, spikelet number showed the highest heritability (29.9% monoculture and 17.5% mixture). Seed mass and rooting allocation traits had intermediate heritability (Table 6 ). F3 family means typically fall between the means for mesic and xeric genotypes for most traits (Figs 5-7) . Few correlations of F3 family means were observed among the traits (Fig. 7, Table 6 ). Thus although the mesic genotype showed high competitive ability and low RMR while the xeric exhibited the reverse, F3 families were observed that combined both high competitive ability and high RMR while others combined low competitive ability and low RMR (Fig. 7) . Of the 11 × 10/2 = 55 correlations in Table 6 , only seven (12%) are significant at the 5% level.
Discussion
The consistent association of allozyme variation with moist and dry habitats on both large and small spatial scales, strongly suggests that A. barbata in California occurs as two varieties differentially adapted to contrasting environments Garcia et al. 1989) . However, until now, little work has documented the ecological performance differences underlying this differentiation (Jain & Rai 1980) . Our results show that (i) the two genotypes express differences at several (though not all) characters that potentially confer differential performance in wet and dry environments; (ii) these differences exhibit heritable variation in the recombinant progeny of a cross between the genotypes; but (iii) there do not appear to be strong correlations among the characters that would impose a constraint on the evolution of novel ecological types or of more broadly adapted genotypes.
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Competitive ability in plants is related to both seed size (Turnbull et al. 1999) and seedling size (Weiner & Thomas 1986; Weiner 1990 ). The mesic genotype expresses higher values of both traits (Fig. 3) , and shows a clear competitive advantage over the xeric (Fig. 2) . That is, it maintains or slightly increases both its size and fecundity in mixture compared with monoculture, where the xeric showed a decrease in mixture. By contrast, there is no difference between the genotypes in germination time or relative growth rate, traits that are also related to competitive ability in many species (Weiner 1990; Chapin et al. 1993) .
Clearly, the mesic genotype has higher fitness in the glasshouse environment, which is presumably more similar to the mesic than to the xeric habitat. However, the mesic genotype is absent from most of the drier parts of California , and the xeric shows evidence of local adaptation in reciprocal transplants (Jain & Rai 1980) . Root mass ratio and depth : shoot ratio were the only traits in which the xeric genotype outperformed the mesic (Figs 3 and 4) . A high root allocation seems to be a common adaptive response to scarce below-ground resources (Chapin et al. 1993; Lambers et al. 1998) , as plants will allocate available resources towards capturing the most limiting resource (Bloom et al. 1985) . The increased depth of root allocation in the xeric genotype suggests that there is not only a difference in the amount of water available in the two environments, but also in the depth at which that water is available. This makes it difficult to mimic the xeric environment in the glasshouse, and attempts to do so have been unsuccessful. Preliminary results with differential watering of pots gave no treatment where the xeric genotype outperformed the mesic for size or fecundity (data not shown). Keddy (1989) and Grime (1979) have argued that competitively superior species displace those that are tolerant of stress from more favourable habitats, and it has been argued that competitive and stress tolerant strategies are accompanied by particular syndromes or suites of trait differences (Grime 1979; Chapin et al. 1993) . Several studies have found evidence that similar relationships occur between ecotypes within species (e.g. Cook et al. 1972; De Bilde & Lefèbvre 1990) . The competitive superiority of the mesic genotype and greater root allocation of the xeric mirror some of the trait differences noted between competitive and stress tolerant species, and appear to be consistent with the mesic genotype excluding the xeric genotype from moist soils. However, it appears that (at least among the traits studied here) the greater size and competitive ability of the mesic genotype derive from change in a single character (seed size) rather than an integrated suite of traits. Moreover, we cannot rule out the alternative possibility that the xeric genotype has higher competitive ability for below-ground resources and that the mechanism of habitat divergence is a shift in the ratio of above-to below-ground resources (cf. Tilman 1988), rather than a gradient of productivity per se.
Nevertheless, the divergence of the genotypes in their allocation and growth patterns bears a considerable resemblance to interspecific differences among grasses in a similar California rangeland environment. The perennial bunchgrass Nasella pulchra, exhibits deeper rooting, slower growth and later flowering than its annual competitors (Holmes & Rice 1996) , and therefore maintains growth later into the dry season by accessing deeper water. However, in competition for shallow surface water, the faster-growing annual grasses are competitively superior to N. pulchra (Dyer & Rice 1999) . These parallels suggest that intraspecific genotypes partition the environmental niche in a manner similar to the interactions among separate species.
   
Because the genotypes exhibit the above differences in a common environment, we can ascribe a genetic, rather than environmental, basis to them (Falconer & MacKay 1996; Lynch & Walsh 1998) . However, the presence of only two multilocus genotypes in the field reduces the amount of genetic variation on which selection can act relative to a panmictic population (Andersson & Shaw 1994) . We have shown a release of genetic variation among F3 families that accounts for up to 30% of the total variation in most of the traits (Table 6 ). The strength of the family effect was strongest for fecundity in the competition experiment, intermediate for rooting allocation patterns and seed mass, and weakest for dry mass in the competition experiment. We did not detect significant family differences for the rate of root elongation. This release of variation upon rare outcrossing events would create the potential to more finely adapt populations to particular local environments (Arnold 1997; Rieseberg et al. 1999; Burke & Arnold 2001) .
The trait differences expressed between the mesic and xeric genotypes imply a trade-off between rooting allocation and size/competitive ability. However, this association does not persist following recombination in the F3 progeny, and there is a striking lack of correlation among F3 family means (Table 6 , Fig. 7) . The ability to recombine the traits implies that each trait is controlled by different genes (Roff 1997) , and can respond separately to selection. Thus traits do not appear to be genetically organized into syndromes (Chapin et al. 1993 ) that would constrain niche breadth through a limited range of possible trait combinations. Thus, in addition to releasing variation in individual traits, recombination presents natural selection with novel combinations of traits (Arnold 1997) . F3 families occur in our sample that express both high RMR (a trait characteristic of the xeric genotype) and high seed production in competition (a trait characteristic of the mesic genotype). Such families may potentially have broad ecological niches and be favoured in both mesic and xeric environments. Moreover, as novel combinations of traits are possible it seems likely that new environmental niches could be invaded by recombinants (Arnold 1997) . In other words if the trait combinations observed in mesic and xeric genotypes are maintained by selection in the two habitats (acting on traits independently), a third habitat type selecting for novel combinations could potentially be colonized by some recombinant F3 families.
An unexpected example of such increased niche breadth of the recombinant progeny arose in the strong genotype (family) by environment (block) interaction seen for RMR (Table 5, Fig. 6 ). Root allocation is a highly plastic character that plants can adjust in response to environmental heterogeneity (Hutchings & de Kroon 1994) , as evidenced here by the clear shift to lower RMR in the second trial (Fig. 6) , which took place under somewhat cooler conditions than the first. While there is heritable variation among families in RMR within each block ( Table 6 ) that could respond to selection in either environment separately, the significant family by block interaction clearly indicates that families differ significantly in the way they alter root allocation in response to environmental differences. This implies heritable variation in the degree of phenotypic plasticity for RMR (Via 1994) , i.e. that the magnitude of the plastic shift in RMR between blocks is itself a heritable character that could respond to natural selection across a heterogeneous environment. Indeed, the interaction effect was stronger than the main effect of family. Documenting this interaction was not a goal of this experiment, we used two trials simply because we did not have space to run a large enough experiment all at once, and treated the trials as blocks because some environmental difference was inevitable (Potvin 1993) .
Thus if plasticity for RMR is adaptive (allowing, say, increased RMR in block 1 and reduced RMR in block 2) the variation among families could respond to that selection across a (hypothetical) heterogeneous landscape made up of the two blocks. Across such a hypothetical environment, neither of the parents would be favoured as they both express intermediate levels of plasticity (Fig. 6 ). This observation (coupled with the lack of a constraint implied by the low genetic correlation among traits) suggests that more broadly adapted genotypes can be created through recombination of genes between the genotypes occurring in the field. The differences between the parents are consistent with the expectations of populations differentially adapted to moist and dry environments. These differences do not, however, appear to be caused by an underlying genetic trade-off between mesic-like and xeric-like characteristics. Some other factor must be sought to explain the genotype-habitat association observed in the field, and possible explanations fall into two general categories. On the one hand, some other traits not measured here may be the targets of selection in nature and show a negative genetic correlation. Alternatively, the present geographical distribution of the genotypes may reflect a lag in the response to selection brought about by the limited opportunities for recombination in this selfing species.
